The structure of nucleosomes that contain the cenH3 histone variant has been controversial. In budding yeast, a single right-handed cenH3/H4/H2A/H2B tetramer wraps the $80-bp Centromere DNA Element II (CDE II) sequence of each centromere into a 'hemisome'. However, attempts to reconstitute cenH3 particles in vitro have yielded exclusively 'octasomes', which are observed in vivo on chromosome arms only when Cse4 (yeast cenH3) is overproduced. Here, we show that Cse4 octamers remain intact under conditions of low salt and urea that dissociate H3 octamers. However, particles consisting of two DNA duplexes wrapped around a Cse4 octamer and separated by a gap efficiently split into hemisomes. Hemisome dimensions were confirmed using a calibrated gel-shift assay and atomic force microscopy, and their identity as tightly wrapped particles was demonstrated by gelFRET. Surprisingly, Cse4 hemisomes were stable in 4 M urea. Stable Cse4 hemisomes could be reconstituted using either full-length or tailless histones and with a 78-bp CDEII segment, which is predicted to be exceptionally stiff. We propose that CDEII DNA stiffness evolved to favor Cse4 hemisome over octasome formation. The precise correspondence between Cse4 hemisomes resident on CDEII in vivo and reconstituted on CDEII in vitro without any other factors implies that CDEII is sufficient for hemisome assembly.
INTRODUCTION
Centromeres are defining features of eukaryotic chromosomes, and yet exactly what defines a centromere has remained a matter of intense debate (1, 2) . In most eukaryotes, centromeres are epigenetically defined by the presence of special centromeric nucleosomes, in which the cenH3 histone variant replaces histone H3 in the nucleosome core (3) . CenH3 (CENP-A in mammals, Cse4 in yeast and CID in Drosophila) is both necessary and sufficient for recruiting the other structural components of the kinetochore. Therefore, a central question in centromere biology is: What makes a cenH3 nucleosome different from an H3 nucleosome?
Various models for the cenH3 nucleosome have been proposed, including left-handed octameric nucleosome core particles ('octasomes') similar to conventional (H3/ H4/H2A/H2B) 2 octasomes (4), right-handed half-nucleosomes ('hemisomes') (5), homotypic (cenH3/H4) 2 'tetrasomes' that lack H2A/H2B dimers (6) and mixed octasomes containing both cenH3 and H3 (7) . Several lines of evidence favor the existence of cenH3 hemisomes at centromeres. Arrays of cenH3 nucleosomes have been isolated and characterized from Drosophila and human cells and shown to have the dimensions, composition and other features of hemisomes (8) (9) (10) . Further characterization of these particles has been hampered by the fact that centromeres of most eukaryotes are embedded in highly repetitive satellite DNA sequences that have been refractory to genetic and molecular analysis. In contrast, all 16 budding yeast centromeres are defined by $120-bp Centromere DNA Elements (CDEs), each of which is occupied by a single Cse4 nucleosome (11) . In vivo DNA topology measurements have shown that the Cse4-containing particles induce positive DNA supercoils, which implies a right-handed DNA wrap around the Cse4 core, opposite to the left-handed wrap of conventional H3 nucleosomes and inconsistent with an octasome model (12) . Mapping of all 16 yeast centromeres at base-pair resolution has shown that Cse4 is confined to the $80-bp CDEII sequence, only enough DNA for a single wrap around the core, and is flanked by distinct particles occupying CDEI and CDEIII (13) , which are occupied respectively by the Cbf1 protein and the CBF3 complex. Furthermore, all 16 yeast centromeres were found to contain uniform amounts of H2A (13) , and quantitative fluorescence imaging of kinetochore clusters detected only one Cse4 molecule per centromere over the large majority of the cell cycle (14) , consistent with the singly wrapped particle being a Cse4/H4/H2B/H2A hemisome. Yeast Cse4 can support segregation of human chromosomes (15) , suggesting that the cenH3 hemisome is the universal unit of centromere identity.
The case for left-handed cenH3 octasomes at centromeres is primarily based on several studies in which stable octasomes, but not hemisomes, have been readily produced by reconstitution using human or yeast histones (4, 6, (16) (17) (18) (19) (20) (21) . Although Drosophila CID particles induce positive DNA supercoils (12) , both human and yeast particles induce negative supercoils (17, 19, 22) , consistent with a conventional left-handed wrap. A high-resolution structure of the left-handed human CENP-A octasome shows that the histone core superimposes well with the H3 octasome (16) , and the essentiality of key positions in the cenH3:cenH3 dimerization interface (4, 23) support the notion that cenH3 octasomes are biologically important. Evidence for octasome formation in vivo has also been reported. When Cse4 is mildly overproduced in budding yeast, octasome-sized particles misincorporate into chromosome arms, especially at sites of high nucleosome turnover (13) , and it appears that high-level expression of Drosophila CID can also produce octasomes (23) . Although hemisomes are found at centromeres during most of the cell cycle, octasomes have been detected as transient intermediates during replication (10) . The possibility that octasomes are transient forms is also consistent with the finding that cenH3 octasomes are partially unwrapped (16, 17, 19, 20) and therefore are inherently less stable than H3 octasomes. Further evidence that cenH3 octasomes detected in vivo are likely to be unstable is that several groups have reported that Cse4 octasomes either do not form efficiently with yeast centromeric DNA (4, 6, 17, 18) or form unstable octasomes that dissociate on short-term storage (17) . In contrast, reconstitution on either an inverted repeat of human a-satellite or the 'Widom 601' nucleosome positioning sequence (24) yielded stable Cse4 octasomes (17) . Therefore, the observation of Cse4 octasomes in vivo is supported by the in vitro assembly data; however, Cse4 hemisome formation at centromeres in vivo has not been corroborated by in vitro evidence, leaving open the question as to whether Cse4 hemisomes are inheritantly unstable (1, 22) .
The failure to reproduce in vivo findings by applying traditional in vitro reconstitution methods to assemble cenH3 nucleosomes has led us to examine the behavior of Cse4 and H3 octamer core particles under varying salt and urea concentrations, both in the absence and presence of DNA. We find that Cse4 octamers are far more resistant to dissociation than are H3 octamers, which implies that the H4/H2B interface that holds together the Cse4/H4/H2B/H2A hemisome is exceptionally stable. Standard in vitro reconstitution methods were developed for efficient production of octasomes and have so far failed to produce hemisomes in vitro. We have adopted an alternative nucleosome reconstitution method (25) and show that it produces Cse4 and H3 hemisomes that are remarkably stable, even in 4 M urea. Using this method, we have produced stable hemisomes that are identical in sequence and composition to hemisomes that have been mapped to the yeast genome, thus fully reconciling in vitro and in vivo observations. Moreover, the exceptional stability of hemisomes in the absence of flanking DNA demonstrates that non-histone proteins are not required to hold the yeast Cse4 nucleosome together and provides a mechanistic explanation for the evolution of stiff CDEII DNA as an adaptation that favors hemisomes over octasomes.
MATERIALS AND METHODS

Preparing nucleosome core particles
Sets of four Saccharomyces cerevisiae histones [(H3, Cse4, Cse4-Á90 or Cse4-Á129) plus H4, H2A and H2B] were coexpressed in Escherichia coli and purified to homogeneity (Supplementary Figure S1A) by heparin and size exclusion chromatography to yield soluble H3 and Cse4 octamers as previously described (19) . See Supplementary Materials and Methods for details on preparing DNAs.
Nucleosome core particles were reconstituted by mixing equimolar amounts of DNA and histone octamers in 2 M NaCl, followed by dialysis against 1 Â Tris-Acetate-EDTA (TAE) buffer, except as indicated. Equimolar refers to two duplexes per octamer (or one duplex per hemimer) for short duplexes (62-78 bp) and one duplex per octamer for 147-bp DNA. Preparation of trypsinized cores followed the protocol of (26) , in which digestion was controlled by timed exposure of octamer cores to trypsinagarose beads (Sigma T4019-25UN), followed by two rounds of centrifugation to remove the beads. Histones were visualized by either Coomassie or silver staining.
Aliquots of DNA duplexes were diluted in 2 M NaCl and mixed with histone octamers on ice to $5 mM in 10-40 ml volumes and dialyzed at least 4 h into a low-salt or urea-containing buffer. In some experiments, dialysis units were transferred after dialysis in low-salt buffer to 4 M urea solutions. We often observed more aggregation with gradient dialysis; therefore, we routinely used a onestep method.
Size exclusion chromatography of histone complexes
Octameric complexes of either H3 or Cse4-Á129 were purified by preparative Superdex 200 chromatography in 2 M NaCl. Monodisperse peak fractions were pooled and aliquots fractionated on an analytical Superdex 200 GL column equilibrated with a buffer containing 20 mM Tris (pH 7.5) and varying amounts of NaCl (2, 0.8, 0.5 M). Samples in 2 M NaCl were injected into the column, and rapid dissociation of octameric complexes into smaller subcomplexes was assayed. To test the stability of histone octamers containing either H3 or Cse4-Á129, the column was equilibrated with a buffer containing 20 mM Tris (pH 7.5), 2 M NaCl, and with or without 2 M urea.
Analytical ultracentrifugation
Histone octamers containing either H3 or Cse4-Á129 were dialyzed against buffers containing 20 mM Tris (pH 7.5) and either 150 or 500 mM NaCl. Samples were spun at 50 000 rpm at 20 C in ProteomeLab XL-I (Beckman) using interference detection optics. SEDFIT (27) Particle heights were measured using Gwyddion data analysis software (http://gwyddion.net). A maximum height was taken as the peak height relative to the local background. We used an internal DNA duplex standard (145 or 147 bp 601 DNA) to obtain reproducible height measurements and to compare between samples. This provided a check on precisely where the mica surface is: by measuring heights of DNA and particles on the same surface, we could use the average 'bottom' of all measurements for both. Heights measured by AFM differ from crystallographic values because of sample compression and uncertainty about the baseline owing to adsorbed salts. AFM experiments and measurements were performed without prior knowledge of the biochemical findings described in this study.
RESULTS
Cse4 octamers resist dissociation in low-salt and denaturing conditions
To explain why H3 forms octasomes and Cse4 forms hemisomes in vivo but both form octasomes in vitro, we considered the possibility that the high salt, histone and DNA concentrations used in typical reconstitution protocols favor the formation of larger particles with more histone-DNA contacts. We reasoned that in the absence of DNA, inherent stability differences between H3 and Cse4 particles might be more readily detected. When fully assembled H3 octamers in 2 M NaCl are dialyzed to reduce the salt concentration, they dissociate into (H3/H4) 2 tetramers and H2A/H2B dimers (29) , and we wondered whether the same would be the case for Cse4 octamers. To test this possibility, we first produced octamers containing either H3 or Cse4-Á129 (deleted for the N-terminal tail) by simultaneously expressing all four histones in E. coli, where they spontaneously fold into soluble octamers in vivo (19) . Cse4-Á129 was used because the long N-terminal tail of Cse4 caused aggregation at lower salt concentrations (data not shown). Soluble histone octamers produced in E. coli were purified in 2 M NaCl (see Supplementary Figure  S1A ), which promotes hydrophobic interactions among histones. Protein octamers were then size fractionated by analytical Superdex 200 gel-filtration chromatography at varying salt concentrations. We observed monodisperse peaks for both H3 and Cse4-Á129 in 2 M NaCl and confirmed by SDS-PAGE analysis that all four histone were present in equimolar amounts ( Figure 1A and B) . As expected, H3 octamers size fractionated in 0.8 M NaCl showed partial dissociation into (H3/H4) 2 tetramers and H2A/H2B dimers, and dissociation was complete at 0.5 M NaCl. In contrast, Cse4-Á129 octamers showed little evidence of dissociation in 0.5 M NaCl, with no evidence of H2A/H2B dimer release. SDS-PAGE analysis confirmed that all four histones were present at approximately equimolar amounts in each protein-containing fraction. We conclude that salt conditions that cause H3 octamers to dissociate completely into (H3/H4) 2 tetramers and H2A/H2B dimers do not result in release of H2A/H2B dimers from Cse4-Á129 octamers.
We next size fractionated octamers by Superdex 200 chromatography equilibrated in 2 M urea+2 M NaCl. These conditions completely denatured H3 octamers ( Figure 1C and Supplementary Figure S2) , whereas Cse4-Á129 octamers remained intact ( Figure 1D ). Fulllength Cse4 octamers also remained mostly intact in 2 M urea+2 M NaCl (see Supplementary Figure S3 ). We conclude that H2A/H2B dimers are more tightly bound to (Cse4/H4) 2 tetramers than they are to (H3/H4) 2 tetramers.
To confirm the dissociation behavior of histone octamers containing either H3 or Cse4-Á129 by an independent method, we analyzed histone octamers equilibrated to 0.5 M NaCl by sedimentation velocity ultracentrifugation. In 0.5 M NaCl, H3 octamers yielded two major sedimenting species ( Figure 1E ), consistent with the faster sedimenting species being (H3/H4) 2 tetramers and the slower sedimenting species being H2A/H2B dimers, respectively. In contrast, Cse4-Á129 octamers in 0.5 M NaCl sedimented as a single species, consistent with it being an intact octamer ( Figure 1F ).
Sedimentation velocity analysis also allowed us to test octamer particle stability under physiological salt conditions, 150 mM NaCl, which is too low to prevent adsorption to gel filtration matrices. Surprisingly, when analyzed by analytical centrifugation, the vast majority of Cse4-Á129-containing octamers remained intact ( Figure 1G ). This failure of Cse4 octamers to dissociate under conditions typically used for in vitro assembly can potentially explain why only CenH3 octasomes were observed in multiple studies using DNA supercoiling to assay assembly (17, 19, 22) .
Production of H3 and Cse4 hemisomes by splitting pseudo-octasomes
The standard protocol for reconstitution of octasomes in 2 M NaCl was developed to stabilize the histone complex while competing for electrostatic interactions between Same as (A and B) except that the column was equilibrated with either 2 M NaCl (red) or 2 M NaCl+2 M urea (green). Red-and green-bordered insets show SDS-PAGE Coomassie-stained images of corresponding peak fractions. In each panel, exactly the same sample was injected into the column; however, non-specific absorption to the column increases with lower salt concentrations, resulting in slightly lower recovery of total proteins. (E-G) Sedimentation velocity analyses of octamers containing H3 in 500 mM NaCl (E), Cse4-Á129 in 500 mM NaCl (F) or Cse4-Á129 in 150 mM NaCl (G).
the highly basic histone core and the highly acidic DNA. This allows the productive binding of intact histone octamers to 147 bp of DNA but is unsuitable for reconstituting hemisomes. Moreover, the high stability of Cse4 octamers would further disfavor the production of hemisomes of the type observed in vivo (13) . To eliminate inherent biases against hemisomes, we adopted an alternative assembly method introduced by Tatchell and van Holde (25) : Octamers wrapped by two short DNA molecules ('Pseudo-octasomes') are assembled using $65-bp duplexes, with one duplex wrapping one half of the octamer and another duplex wrapping the other half, leaving a gap at the dyad axis. In support of this interpretation, they showed by sedimentation analysis that the pseudo-octasome becomes transformed into smaller particles, presumably hemisomes, as the ionic strength decreases. To our knowledge, this elegant protocol for producing hemisomes has never been used since.
Nucleosome structures indicate that a 62-bp DNA duplex will fully wrap a hemisome, and therefore we used the 62-bp sequence derived from human a-satellite (a62), which corresponds to the first 62 bp of the inverted repeat that has been used in most structural studies of nucleosomes (30) . To assay for assembly, we followed a native gel-shift protocol, which yields a homogeneous band for 147-bp control octasomes produced by conventional salt dialysis of a mixture containing H3 octamers and Widom 601 duplexes (Figure 2A , left). Under similar conditions, a mixture of Cse4 octamers and a62 duplexes yielded a single moderately sharp band migrating at 680 bp on a native 6% gel ( Figure 2B , left), whereas a mixture of H3 octamers and a62 duplexes consistently yielded two major gel-shifted products ( Figure 2C , left).
To obtain an absolute determination of particle sizes from these samples, we analyzed them by AFM, which can sensitively measure particle heights. We observed two distinct size classes of particles in the H3/a62 sample and one in the Cse4/a62 sample (Figure 2A and B). When compared with internal DNA standards, their median heights were estimated to be 2.2 nm for the smaller H3 particles, $3-5 nm for the larger H3 particles ( Figure  2C ) and 2.0 nm for the Cse4 particles ( Figure 2B ). Based on previous AFM measurements of heights for reconstituted tetrameric (2.5 nm) and octameric (3.7 nm) nucleosome particles (31), we tentatively conclude that the larger H3 gel-shifted particles are pseudo-octasomes or larger and that the smaller gel-shifted H3 particles and the Cse4 particles are hemisomes. We found that by using gradient dialysis, we could enrich for the largest class of particles ($4-5 nm) ( Figure 2D ), indicating that the most slowly migrating band corresponds to an aggregate.
To verify that the gel-shifted Cse4 band is the same species that was measured by AFM, we stained the same native polyacrylamide gel successively with ethidium bromide to visualize the DNA and with Coomassie blue to visualize the histones. We found that the single major gel-shifted particle obtained by assembly of Cse4 with a62 DNA is also the single major histone-containing species (Supplementary Figure S4) . We also determined the histone composition of the gel-shifted H3 and Cse4 particles by excising the gel bands and running SDS-PAGE. We found that all four histones are present in equimolar amounts for both major H3 bands and for the single major Cse4 band ( Figure 2E and F) . We conclude that the single major Cse4 species measured by AFM to be the height of a tetrameric particle is the major Cse4 gel-shifted species and contains all four histones that were present in the assembly reaction.
Ferguson plot analysis confirms the sizes of gel-shifted bands
We also estimated particle sizes directly from gel shifts, by observing changes in migration as a function of polyacrylamide concentration. As both charge and size affect the migration of particles in native gels, the migratory position of DNA/histone complexes at a single gel concentration cannot be used to infer their relative sizes ( Figure 3A ). This limitation is overcome by electrophoresing the same samples on multiple gels with varying polyacrylamide concentration, then plotting migration versus gel concentration ( Figure 3B ) to estimate particle sizes (Ferguson plot analysis). DNA standards were used to calibrate gel parameters. By applying curve fitting, the geometric mean radius was calculated for each histone-DNA complex on the gel ( Figure 3C ).
For particle size estimation, we assembled particles using either 62 or 147-bp fragments. Histone octamers contained either H3 or Cse4-Á90, which is N-terminally deleted for 90 aa and is similar in MW to H3. Ferguson plot analysis of histone-DNA complexes on 62-bp fragments yielded 3.38 ± 0.07 nm for H3 and 3.48 ± 0.17 for Cse4-Á90 (red boxes in Figure 3A ). Similar calculations for 147-bp fragments yielded 3.68 ± 0.11 for H3 and 3.79 ± 0.09 nm for Cse4-Á90 (blue boxes in Figure 3A) . A two-tailed t-test between hemisomes and octasomes for both H3 and Cse4 yielded P-values of 0.0003 for both; therefore, the observed differences in Ferguson plot measurements for hemisomes and octasomes are robust. Calculations for the more slowly migrating bands (green boxes in Figure 3A ) indicated mean radii of >5 nm, far exceeding the expected value for octasome-sized particles, which implies that the $4-5 nm particles observed by AFM ( Figure 2C and D) consist of aggregates larger than pseudo-octasomes.
We then asked whether the differences between mean radii measured for hemisomes and octasomes are consistent with their expected dimensions. An octameric nucleosome can be modeled as a cylinder with a radius (r) of 5 nm and a height (h) of 6 nm, and a hemisome should be half this height. The migration of a particle in the gel is proportional to its cross-sectional diagonal,
2 ], assuming that the long histone tails collapse uniformly around the core. Therefore, the expected mean radius ratio between a hemisome and an octasome is $90%. The 601-147 sequence had been chosen for efficient assembly of H3 and Cse4 octameric nucleosomes (17, 19) and served as the DNA for known octasome controls. For both H3 and Cse4, we measured the mean radius ratio between particles wrapped by 62-bp sequences and those wrapped by 147-bp sequences to be 92%, consistent with these latter particles being hemisomes. Thus, Ferguson plot analysis supports our conclusions based on AFM height measurements that pseudo-octasomes split into hemisomes when dialyzed versus low salt.
A gelFRET assay directly confirms hemisome formation
To obtain direct confirmation that the particles we have characterized based on physical properties correspond to well-wrapped hemisomes, we took advantage of the fact that when a 62-bp DNA duplex wraps around a hemisome the two ends approach one another within $60 Å ( Figure 4A ), which is close enough for a Fo¨rster Resonance Energy Transfer (FRET) signal to be detected using appropriate fluorophores, such as Alexa 488 and Cy3 [R 0 = 67.5 Å (32)]. In contrast, the distance between ends of unwrapped duplexes is $200 Å . Given that FRET intensity falls off as the sixth power of the radius, even partial unwrapping is expected to drastically diminish the FRET emission, making FRET a powerful qualitative method for determining whether a DNA duplex wraps tightly around a histone core particle. FRET can be observed directly in electrophoretic gels ('gelFRET'), where it has been used to make qualitative distinctions between gel-shifted particles (33) . Alexa 488 served as the donor fluorophore attached to one end of the duplex and Cy3 as acceptor fluorophore attached to the other end. Two different fluorophore configurations were used, one in which Alexa 488 and Cy3 were at opposite ends of the same duplex, and one in which each duplex had either Alexa 488 or Cy3, but not both, and equal mixtures of these singly labeled fluorophores were mixed together. To observe the FRET signal for each band in the gel, we scanned the gel with a 488-nm laser to excite Alexa 488, and measured FRET at 670 nm and then excited at 488 nm in a second scan and measured donor emission at 526 nm ( Figure 4B ). By balancing and superimposing the two scanned images, we could visualize the FRET-versus-donor emission signals throughout the gel. The channels were balanced such that the background would be white and a band lacking FRET would be gray, and with increasing FRET, a band would become increasingly red. We observed striking differences between matched samples containing duplexes with both fluorophores and with a mixture of duplexes containing single fluorophores ( Figure 4C ). Samples with a mixture of single fluorophores showed gray bands for both the H3 and Cse4 hemisomes, and both showed a conspicuously reddish band when the fluorophores were at opposite ends of the same duplex. For the slower migrating H3 aggregate, the mixture of singly labeled duplexes showed a brownish band, whereas the doubly labeled duplex showed a scarlet signal. FRET signals in gel-shifted aggregates are expected when there are two or more DNA duplexes with oppositely labeled ends that can interact within the aggregate.
The larger H3 product migrated at $1.5 kb on 6% native PAGE gels, whereas the smaller product migrated at 550 bp. We attribute these differences in migration between H3 and Cse4 particles to the fact that the Cse4 N-terminal tail is $90 aa longer than the H3 tail, which suggests an equivalence between the Cse4 680-bp band and the H3 550-bp band. Consistent with this . We compared the distribution of measurements between hemisomes and octasomes by t-test, and the P-value was determined to be 0.0003 for both H3 and Cse4-Á90. interpretation, we found that gel-shifted particles assembled using Cse4-Á129 migrated faster than particles assembled using full-length Cse4 ( Figure 4D ). When we excised gel-shifted bands and subjected them to SDS-PAGE gel analyses, we determined that the 550-bp and $1.5-kb H3 bands and the 680-bp Cse4 band contained all four histones present in the assembly reaction ( Figure 2E and F).
To quantify the FRET signal, we measured donor and FRET emissions at the peak density of each band. For no-FRET controls, we measured the donor emission and FRET signals from bands in the gel that had not undergone a gel shift, either run in a nearby lane or in the same lane. To estimate the maximum possible FRET signal, we used a duplex in which both fluorophores were at both ends of the duplex. These measurements show that there is little 0 Cy3 on a62 R and 3 0 Alexa488 on a62 F) were combined in 2 M NaCl, subjected to dialysis versus 10 mM HEPES (pH 7.5)+0.25 mM EDTA and electrophoresed on a native 6% polyacrylamide gel, followed by scanning for gelFRET. A doubly end-labeled DNA band showing no FRET signal served as a negative control. Al = Alexa 488. Cy = Cy3 (D) Deletion of the Cse4 N-terminal tail increases gel-shift mobility. Octamers containing tail-deleted Cse4 were assembled with a62 DNA duplexes labeled for gelFRET. DNA standards are included only as a rough guide. (E) As a negative control, H2A/H2B dimers were used for assembly (Supplementary Figure S5) . When DNA fragments are in large molar excess, single H2A/H2B dimers bind and cause a gel shift (34) . Rapidly migrating dye-coupled fragments resolve from one another with Alexa488 (which is coupled via an amino-C7 linker) causing slower migration than Cy3 (which is directly coupled) of otherwise identical fragments, and resulting in misalignment of mixed Cy3 and Alexa488 fragments. (F) Quantification of gelFRET emissions for the bands shown in the figure. if any FRET signal emitted from the hemisome bands of mixed single fluorophores, but that there is a 10-15% FRET signal emitted from bands with the two fluorophores on opposite ends, consistent with tight wrapping of a single DNA duplex around the histone core ( Figure 4E ). Similarly, a dramatic difference was seen for the H3 aggregate bands, where the band with a mixture of singly labeled fluorophores showed $5% emission, whereas the band with doubly labeled fluorophores showed 25-30% emission. These measurements confirm that the aggregate particle contains at least two tightly wrapped DNA duplexes because some FRET is expected whenever oppositely labeled ends of two duplexes are near to one another, whereas much stronger FRET is expected when both ends are oppositely labeled.
To verify that protein association in the absence of nucleosome-like wrapping of DNA does not result in a FRET signal, we used histone H2A/H2B dimers as control. When in large DNA excess, single H2A/H2B dimers are known to stably associate with DNA in an extended conformation (34) . As expected, association of H2A/H2B with DNA resulted in gel-shifted bands; however, we did not detect significant FRET signals ( Figure 4E and F), despite detection of strong FRET signals for H3 and Cse4-Á90 hemisomes assembled in parallel (Supplementary Figure S5) .
Cse4 hemisomes are stable in high concentrations of urea
Hemisomes remain stable after storage at 4 C for at least several days (see Supplementary Figure S6 ). To systematically assess particle stability without interfering with electrostatic interactions, we dialyzed against urea, a widely used protein denaturant. When assembly reactions containing H3 and Cse4 particles and a62 DNA in 2 M NaCl were dialyzed directly into a 10 mM HEPES (pH 7.5)+0.25 mM EDTA buffer with no additional salt, but increasing concentrations of urea at 4 C, H3 aggregates disappeared between 1 and 2 M urea, accompanied by the appearance of unwrapped DNA that showed no FRET signal ( Figure 5A) . Surprisingly, the same treatment had no effect on Cse4 hemisomes up to 4 M urea, and most hemisomes remained intact up to 8 M urea, showing strong FRET signals ( Figure 5B ). Dialysis into 4 M urea resulted in stable hemisomes with FRET signals using all four possible combinations of fluorophores on both ends of the 62-bp DNA duplex, and no difference was seen when assembly was performed in a 4-fold excess of unlabeled fragment ( Figure 5C ).
To exclude the possibility that the fluorophores themselves inhibit pseudo-octasome formation, we also performed FRET gel-shift assays using 5-fold dilutions of labeled fluorophores with otherwise identical unlabeled duplexes. We observed similar FRET signal differences between singly and doubly labeled duplexes when diluted with unlabeled DNA, as we observed using pure labeled duplexes ( Figure 5C and Supplementary Figure S7 ).
Stable Cse4 and H3 hemisomes form on CDEII DNA
We next asked whether the protocol that we used for assembling H3 and Cse4 hemisomes with a62 DNA would suffice for assembling hemisomes using a complete CDEII DNA duplex. We chose the CDEII Figure 3A is shown in the middle image and served as a negative control. The lower image shows gel shifts for labeled a62 duplexes that had been diluted 5-fold with unlabeled a62 duplexes.
from Chromosome 4, which at 78 bp is the shortest CDEII sequence in the yeast genome. Our previous in vivo mapping of Cse4 showed that the Cen4 CDEII is especially well delineated using ChIP (13) , and others have used Cen4 in their studies of Cse4 nucleosomes (7, 11) . Using our gelFRET assay, we found that both H3 and Cse4 particles form on Cen4 CDEII and migrate as expected for tetramers ( Figure 6A) , and particle size distributions were confirmed by AFM analysis (see Supplementary Figure S8 ). We also observed hemisome formation on a 62-bp fragment derived from Cen3 CDEII based on Ferguson plot analysis ( Figure 2E and F). Whether assembled using H3 or Cse4, Cen4 CDEII particles were stable when dialyzed directly into 4 M urea ( Figure 6B ). We conclude that CDEII is a suitable substrate for hemisome assembly.
Quantification of FRET-versus-donor signals for a62 and Cen4 CDEII from multiple experiments differing only in the composition of low-salt buffer used for dialysis confirmed the consistent presence of a moderateto-strong FRET signal from the doubly labeled hemisomes and aggregates, the consistent presence of a weak FRET signal from the singly labeled aggregates and the lack of a significant FRET signal from the singly labeled hemisomes ( Figure 6C ). We conclude that there is a single DNA duplex that wraps tightly around the hemisome.
Hemisomes form on tailless histone cores
There are two notable differences between particles produced using CDEII DNA compared with those using a62 DNA. First, no distinct CDEII aggregates were evident ( Figure 6A and B) , suggesting that some sequence feature of CDEII DNA inhibits aggregation. Second, H3 hemisomes were highly homogeneous, whereas Cse4 hemisomes on the 78-bp Cen4 CDEII, typically gel shifted as a pair of closely spaced particles. We suspected that this difference resulted from binding of the long highly arginine-rich Cse4 N-terminal tail to the 16 bp of excess DNA that would be protruding from the 78-bp CDEII DNA duplex. To test this possibility, we subjected both H3 and Cse4 octamers to trypsin treatment in 2 M NaCl before assembly, using conditions that removed all histone tails (see Supplementary Figure S9 ). Trypsinized cores were mixed with DNA duplexes and subjected to successive dialyses versus low-salt and 4 M urea. For both H3 and Cse4, we observed a moderate gel shift to the same degree ( Figure 7A ). Similar results were obtained using Cse4-Á90 and Cse4-Á129 pre-treated with trypsin ( Figure 7B ). Importantly, gel-shifted bands displayed significant FRET signals when doubly labeled DNA duplexes were used and insignificant FRET signals for mixed singly labeled duplexes, confirming that these gel-shifted bands represent hemisomes that are stable in 4 M urea. Additional confirmation was obtained by Ferguson plot analysis, which showed that the dimensions of tailless Cse4 particles are close to those expected for hemisomes ( Figure 7C ). We also noted that tailless Cse4 hemisomes remained mostly intact after dialysis into 4 M urea, whereas tailless H3 hemisomes showed partial depletion relative to free DNA (Supplementary Figure S10) . The production of stable hemisomes using trypsinized H3 and Cse4 cores demonstrates that hemisomes can be produced by splitting of octamer cores even in the absence of histone tails. We attribute the remarkable stability of a62-and CDEII-assembled Cse4 hemisome cores to protection of the entire perimeter by DNA wrapping, thus excluding urea to maintain the particle intact.
CDEII DNA is exceptionally stiff
We wondered why CDEII DNA readily forms hemisomes with either H3 or Cse4, but in general is a poor substrate for H3 and Cse4 octasome assembly (6) . The sequence composition of CDEII of all 16 yeast chromosomes is $90% A+T, and the Cen4 CDEII is typical (92% A+T). In addition, CDEII is significantly enriched in runs of As and Ts (35) . Previously, Baker and Rogers used a plasmid loss assay to select for CDEII variants that differed in centromere stability (35) . By randomizing a 79-bp CDEII sequence and holding the base composition constant, they constructed a yeast minichromosome transformation library in which these random CDEII sequences were inserted in between CDEI and CDEIII. Using a color marker and observing colony sectoring, they selected for strains in which the degree of plasmid loss was either much higher than normal (high-loss strains) or indistinguishable from normal (low-loss strains). Remarkably, the low-loss strains showed a significant excess of runs of As and Ts, whereas the high-loss strains appeared to be no different from random.
Poly (dA)(dT) tracts narrow the DNA minor groove, which becomes occupied by a 'spine' of structured water that stiffens the double helix (36) and causes local bending (37) . To determine whether CDEII sequences are Figure 8 . CDEII DNA is exceptionally stiff. (A) Bendability predictions for DNA segments using the Bend-it server (http://hydra.icgeb.trieste.it/dna/ bend_it.html) (38) . Predictions for the 147-bp a-satellite palindrome (brown) and Widom 601 (dark blue) duplexes used in this and previous studies for assembling cenH3 octasomes show that these sequences are predicted to be bendable relative to the 24 most AT-rich non-centromeric (green) and high-loss selected centromeric sequences (orange). The latter sequences are predicted to be more bendable than native CDEII (light blue) and low-loss selected CDEII (magenta) sequences. Sequences used to split octamers in this study are shown with As and Ts highlighted to illustrate that CDEIIs are especially rich in runs of As and Ts. Default parameters were used, except that the window size was lengthened for 147-bp sequences to compensate for their much longer lengths and to simplify the display, although similar averages were obtained using the default window size of 31 bp. (B) Five factors contribute to stable occupancy of Cse4 hemisomes at CDEII: (1) The extreme stiffness of CDEII DNA (thick line) makes wrapping more than once around an octasome difficult relative to the incomplete wrapping around a horseshoe-shaped hemisome. As a result, hemisomes are stable on CDEII DNA, but octasomes are not. (2) The H4/H2B junction at the center of the Cse4 hemisome is strong, unlike the H4/H2B junction in H3 nucleosomes, which is weak relative to the H3/H3 junction and therefore causes octamers to dissociate into an (H3/H4) 2 tetramer and two H2A/ H2B dimers. (3) The Cse4 hemisome is stable even in the absence of Cbf1 and CBF3. (4) Cbf1 and CBF3 bind avidly to and sharply bend the DNA immediately flanking CDEII and so expose only $80 bp of DNA, which can accommodate heterotypic tetramers, but not octamers. (5) Although highly stable H3 hemisomes can form on CDEII in vitro, they are strongly disfavored in vivo because the CBF3 complex is known to specifically recruit Cse4, which would displace H3-containing nucleosomes. Cse4/H4 heterodimers are depicted in blue and H2A/H2B in gray.
especially stiff, we asked whether the computationally predicted bendability of CDEII sequences is lower than what would be expected for sequences of similar AT richness (38) . We compared the predicted bendabilities of all 16 CDEII sequences to those of the 24 sequences within the yeast genome that are at least 88% A+T over a span of at least 100 bp. We found that on average, the CDEII sequences are predicted to be stiffer than these 24 noncentromeric sequences ( Figure 8A) . Moreover, the Baker-Rogers low-loss sequences are predicted to be as stiff as native CDEIIs, whereas the high-loss sequences are predicted to be as bendable as the 24 non-centromeric sequences. In contrast, the inverted repeat a-satellite and Widom 601 sequences that have been used to assemble cenH3 octasomes are predicted to be far more flexible than either class of AT-rich sequences ( Figure 8A ). This difference in predicted bendability between sequences that readily form octasomes and CDEII sequences that disfavor octasome assembly suggests that CDEII has evolved to resist octasome formation.
DISCUSSION
We have used a variety of in vitro reconstitution and assay methods to determine the physical basis for differences between cenH3 nucleosomes at centromeres and H3 nucleosomes on chromosome arms. We find that the junction between H4 and H2B at the center of the hemisome that preferentially dissociates in H3 octamers is stable in Cse4 octamers, and that stable hemisomes can be readily produced using a non-traditional reconstitution method (25) . We have been able to reconstitute hemisomes that are identical in sequence and composition to those mapped to a yeast centromere (13) . This precise correspondence between the products of in vivo and in vitro assembly addresses a controversy that has been fueled by the lack of direct evidence for any centromerespecific particle other than hemisomes in vivo, and by the inability of several groups to reconstitute hemisomes in vitro. Our demonstration that hemisomes assembled on both a-satellite and CDEII sequences are stable in 4 M urea belies the assertion that hemisomes must be unstable intermediates in the assembly of more conventional cenH3 octamers (1, 22) .
Previous difficulties in assembling Cse4 nucleosomes over yeast centromeric DNA segments have led to the expectation that non-histone proteins would be required (6, 17) . Both Cbf1 and the CBF3 complex sharply bend DNA, and the Ndc10 protein has been proposed to interact with both sides of the CDE loop, leading to models in which these DNA-binding proteins act to hold the CDEII loop together and stabilize the Cse4 nucleosome (6, 39, 40) . In addition, it has been claimed that the Scm3 chaperone binds AT-rich DNA and facilitates the stable assembly of a Cse4 tetramer (6) . Our findings directly demonstrate that these non-histone proteins are not necessary for stable assembly of the Cse4 hemisome at CDEII, and provide the basis for an alternative explanation for the role of these proteins in organizing the kinetochore ( Figure 8B ). The exceptional stiffness of CDEII makes it inherently resistant to octasome formation, and it seems likely that stiffness also contributes to the maintenance of right-handed Cse4 nucleosomes at the highly ATrich yeast two-micron STB sequence (41) . Resistance to octasome formation would be augumented by the tight binding and DNA bending of CDEI by Cbf1 and CDEIII by the CBF3 complex on either side of CDEII, allowing only hemisomes to assemble. By recruiting Cse4, the CBF3/Ndc10 complex also maintains high Cse4 hemisome occupancy at CDEII (42, 43) , thus excluding H3 hemisomes, which we have shown can also stably assemble with CDEII DNA. Although Cbf1 and CBF3 might help to hold together both sides of the CDEII loop, the fact that hemisomes appear to be stable in animal centromeres without homologs of these DNAbinding proteins suggests that any such stabilization is more likely to be a secondary consequence of their primary role in maintaining high occupancy of hemisomes and excluding octasome formation.
The minimum requirement for a functional yeast centromere is CDEIII with an adjacent AT-rich region (44) , and our study provides a simple model for why AT-richness is required to maintain centromeres. ATrich regions exclude octasomes (45) , but as we show, they are nevertheless compatible with hemisome formation. We suggest that any DNA sequence that is sufficiently AT-rich will be stiff enough to exclude octasomes because flexibility is needed to make a second turn around the octameric histone core. Stiff DNA can nevertheless make a single wrap around a horseshoe-shaped hemisome core. As DNA stiffness increases with increasing A+T content and runs of As and Ts, making more than a single wrap around an octameric core becomes increasingly difficult, thus further favoring hemisomes over octasomes. At yeast centromeres, the need to exclude H3 octamers is strongly selected for because even loss of a single centromeric nucleosome is a lethal event. Baker and Rogers used an exquisitely sensitive assay to select for low-loss and high-loss centromeres that differ in segregation fidelity over a 100-fold range (35) , but even highloss centromeres lose chromosomes at such a low rate that the loss of fitness would be imperceptible in standard growth assays. However, over long evolutionary periods, the need to exclude octamers will result in CDEII sequences evolving toward becoming the stiffest DNA sequences in the yeast genome. Cse4 hemisomes will be preferentially incorporated at CDEII both because Cse4 is recruited by the CBF3 complex at CDEIII and because the H4/H2B junction at the center of the hemisome is less prone to dissociate in Cse4 than in H3 nucleosomes.
Although budding yeast are exceptional in having genetically defined point centromeres, our findings have implications for epigenetic centromeres. The fact that yeast Cse4 can substitute for human CENP-A (15), and the ease with which we can produce stable hemisomes in vitro on completely unrelated sequences, suggests that hemisomes can form spontaneously wherever octasomes are excluded. It is unlikely that satellite sequences have evolved to exclude octasomes, but we think that this is because they play a dual role in chromosome segregation: Satellite sequences harbor alternating arrays of both cenH3 hemisomes that organize the kinetochore and flanking heterochromatic H3 octasomes that are needed for alignment and cohesion of sister chromatids on the metaphase plate. We do not know whether there are DNA-binding proteins that play the same role in organizing the kinetochore as Cbf1 and the CBF3 complex in yeast. However, recent studies have identified complexes that might serve to exclude octamers and thus favor hemisome formation, such as the CENP-S/T/W/X complex, which is a heterotypic tetramer that is thought to wrap centromeric DNA in a horseshoe-shaped structure during mitosis (46) . In this way, the evolution of genetically defined point centromeres from ancestral epigenetic regional centromeres might be seen as an elaboration of an ancient mechanism for perpetual retention of cenH3 hemisomes.
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